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I. INTRODUCTION 



A STUDY OF THE GROWTH OF SURFACE FILMS ON IRON IN THE PRESENCE 
OF CHROMATES 

I. INTRODUCTION 

Chromates have been observed to Inhibit the oxida¬ 

tion of iron under certain ordinarily corrosive conditions. 

A study has been made of two chromates in equal concentra¬ 

tions. One of the chromates was only very slightly soluble 

in neutral water; the other was quite soluble at all pH 

values. 

The oxidizing half of the reaction, Fe=Fe++ + 2e“, 

can take several forms. Among these are the following: 

H+ + e“ = H 

02 + H20 + 4e“ = 40H" 

and if the chromate ion is present, 

Cr04~~ + 4H2° + 3e~ = Cr(OH)3 + 50H” 

If a material is to inhibit corrosion, that is oxidation of 

iron, it must cause a decrease in rate of at least one of 

these reactions. For example, if a surface film formed im¬ 

permeable to ferrous ions, hydrogen ions, or dissolved oxygen, 

it might cause protection. It is quite possible that the 

process of oxidation displays negative autocatalysis by the 

formation of a film of oxidation products. 

In the course of the experiment an iron electrode 

was made increasingly anodic and the current-voltage varia¬ 

tion was determined. From this linear relationship dE 
d i 

could be readily calculated, where E = the applied potential, 
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and i = the current. The possible reactions freeing elec¬ 

trons at the iron surface include the following: 

Fe = Fe*n* + 2e~ 

40H“ = 02 + 2H20 + 4e~ 

and if atomic hydrogen were available on the surface, 

H = H+ + e“ 

The oxidation of hydroxyl ions is known to be a slow process 

and trace amounts of adsorbed hydrogen would be depleted 

very rapidly during forced oxidation. Thus, the rate con¬ 

trolling reaction should be Fe = Fe^*1" + 2e“ and dE a 
“37 

measure of its rate. 
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II. EXPERIMENTAL 

A. Construction of the Cell 

An experimental cell was prepared by connecting 

a calomel reference electrode (saturated potassium chloride) 

with an iron electrode by means of a salt bridge. (See 

Figure 1) The calomel half-cell was constructed with a 

large mercury pool to diminish polarization effects. The 

salt bridge was made in two compartments separated by sin¬ 

tered glass plates and filled with the same solution as the 

sample container. A silica gel was produced in the plates 

to decrease diffusion of potassium chloride from the calomel 

half-cell with the subsequent lowering of resistivity in the 

salt bridge and contamination of the electrolytic solution 

under study. The end of the salt bridge was sealed with a 

cellophane membrane. The sample container consisted of a 

150 ml. electrolytic beaker equipped with a rubber stopper 

fitted for introduction of the iron electrode along with gas 

delivery and escape tubes. A steady stream of air was forced 

through the solution to provide stirring and maintain air 

saturation. An ascarite bottle removed carbon dioxide from 

the air, which was then bubbled through water to prevent 

evaporation of the sample solution. The sample container 

was immersed in a constant temperature water bath at 30.0°C. 

The experimental electrode was prepared from a 

3/16 inch mild steel rod. A six inch length was insulated 

by dipping repeatedly in an ethylene chloride solution of 
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lucite. After drying was complete, the bottom surface of 

the coated electrode was exposed. The upper end of the 

electrode was left uncoated to allow electrical contact. 

B. Polarograph and Potentiometer 

The potential applied to the cell was varied con¬ 

tinuously by means of a Sargent Model XX Polarograph, and 

the current-voltage curve was automatically recorded by an 

auxiliary Brown electronic potentiometer. Initial and final 

applied potentials and cell potential were measured very ac¬ 

curately with a Leeds and Northrup potentiometer. 

C. Preparation of Solutions 

The chromate solutions were prepared at pH values 

6, 7, 8 and 9.4. Although the water used to prepare solu¬ 

tions had been bubbled vigorously with air for 24 hours, run 

through a deionizing column twice, and then bubbled several 

hours with carbon dioxide-free air, it was still found to 

be slightly acidic. For the solutions whose final pH values 

were to be 6, 7 and 8, enough sodium acetate was added to a 

liter of water to form a 0.001 M solution. This solution 

was found to have approximately pH 7. To this adjusted 

water 0.2-0.3 gm. zinc chromate (Baker’s C.P.) was added 

and allowed to stand from 36 to 48 hours with occasional 

shaking. The solution was then filtered and enough potas¬ 

sium chloride was added to give 0.01 M KC1. The final solu¬ 

tion had pH 7. Total chromic oxide v/as determined iodo- 

metrically and it v/as found that zinc chromate dissolves 

to the extent 5.0 x 10“^ M. The pH 6 and pH 8 solutions 
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were prepared by first dissolving ca. 5 x 10~4 mole zinc 

chromate and then adding potassium chloride and either acetic 

acid or sodium hydroxide forming 0.01M KC1 with the desired 

pH. Acetate buffer was not satisfactory for pH values above 

8, so for pH 9.4, a 0.001 M NaHCOg solution was prepared, and 

correct amounts of zinc chromate, potassium chloride and 

sodium hydroxide added. The potassium chromate solutions 

were prepared in the same manner, dissolving ca. 5 x 10“4 

mole potassium chromate (Baker's C.P.l in a liter of solution. 

For each pH value a blank was prepared containing all the ad¬ 

ditives excluding chromate. Also a solution containing 

2.3 x 1CT4 M ZnCrO^ was made with pH 7. For all samples 

total chromic oxide and resistivity were determined along 

with pH values before and after the run. These data are 

summarized in Table 1. 

D. Procedure 

Before each run the exposed surface of the iron 

electrode was polished on fine emery paper, etched 60 

seconds in ca. 1 M HHO3, 30 seconds in ca,. 1 M HC1, and 

then allowed to stand for 15 minutes in water. The nitric 

acid treatment is known to "passify" iron, hence the follow¬ 

ing hydrochloric acid treatment which causes "reactivation". 

The standing period was designed to allow adsorbed gases, 

particularly hydrogen, to be released. The electrolytic 

solution under study was placed in the sample container and 

the salt bridge 20 minutes prior to the run, and the sample 

solution was bubbled with carbon dioxide-free air. 



Table 1 

pH, CrOg Content, and Resistivity of Solutions 

Solution 
 pH Total Resistivity 
Before Run After Run Cr03 at 30.0°C. 

m/1 x 104 Ki1ohm-cm 

pH 6, ZnCr04 5.95 6.04 5.85 0.521 

K2Cr04 5.93 6.11 5.11 0.515 

blank 6.00 6.14 mmtm 0.535 

pH 7, ZnCrO4 
(Sat'd.) 

6.94 6.98 4.98 0.552 

ZnCrCU 
(half-sat *d. 

6.95 
) 

6.99 2.33 0.535 

K2Cr04 7.23 7.29 5.55 0.523 

blank 6.97 7.20 — 0.554 

pH 8, ZnCr04 7.86 8.00 5.17 0.528 

K2Cr04 7.91 8.20 5.06 0.523 

blank 8.05 7.85 — 0.550 

pH 9.4,ZnCr04 9.40 9.50 5.15 0.515 

K2Cr04 9.41 9.40 5.16 0.513 

blank 9.39 9.37 — 0.548 
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The iron electrode was then immersed in the solu¬ 

tion and the cell potential measured. In all cases the 

iron electrode was found to be negative with respect to the 

reference electrode indicating that the spontaneous cell 

reaction would involve oxidation at the iron electrode. 

After adjusting the recorder sensitivity on the polarograph, 

an almost equal and opposite potential was applied to the 

experimental cell. This potential was initially off^balanced 

to force reduction at the iron electrode and the recorder 

indicated a slightly negative current. Then the resistance 

bridge in the polarograph was operated in such a direction 

as to regain the cell potential and then to impose a steadily 

increasing anodic polarization on the iron electrode causing 

an increasing positive current. This latter portion of the 

current-voltage curve was found to be linear over the ob¬ 

served potential spans of 0.1 to 0.2 volt, and the slope, 
dE •gj was obtained on this portion. 

The electrode was then disconnected and allowed 

to remain in contact with the sample solution for a certain 

length of time. Then the procedure was repeated and another 

polarogram recorded. Determinations were made over a total 

period of 6 to 7 hours. 

It is obvious that part of this apparent resistance 

of the cell is due to resistance in the salt bridge, in 

order to calculate this quantity, resistivity values of 

sample solutions and cell constants for salt bridge, calomel 

half-cell, and for the solution between the cellophane mem¬ 

brane and iron electrode were determined. The cell constants 
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were calculated by measuring cell resistances with 0.1 M 

KC1 and 0.01 M KC1 using an A* C. Wheatstone bridge* and then 

solving simultaneous equations. The salt bridge cell con¬ 

stant was found to be 19.8 cm~^ and the sample container solu¬ 

tion* 0.93 cm"^* The calomel half^cell contributed a re¬ 

sistance of 0.20 kilohm at room temperature. 

Table 2 shows the length of time the electrode 

has been in contact with the sample solution* the polaro- 

gram slope* and the polarogram slope less electrolytic re¬ 

sistance at 27.5°C.* the mean room temperature. (An ex¬ 

treme temperature could introduce an error of 5% in this 

electrolytic resistance*} These differences have been 

plotted against time in Figures 2 through 5. 



Table 2 

dE 
di 

vs. Time 

Solution 
Time dE 

dT 
(observed) dE - R* 

TT 

Hours Kilohms Kilohmj 

0.16 14.7 3.2 
0.58 15.0 3.5 
1.02 16.8 5.3 
2.24 19.6 8.1 
3.28 23.6 12.1 
4.75 26.0 14.5 
5.53 26.1 14.6 

0.14 13.7 2.3 
0.63 15.6 4.2 
1.68 18.7 7.3 
3.65 25.1 13.7 
4.63 26.0 14.6 
5.91 26.2 14.8 

0.16 15.1 3.3 
0.57 15.5 3.7 
1.30 14.6 2.8 
2.35 15.0 3.2 
4.31 15.8 4.0 
6.00 15.3 3.5 

0.15 16.2 4.0 
0.44 15.8 3.6 
1.26 20.3 8.1 
2.32 27.0 14.8 
3.54 30.0 17.8 
4.89 34.5 22.3 
5.83 35.7 23.5 

0.14 14.1 2.3 
0.57 15.0 3.2 
1.82 16.2 4.4 
2.98 17.7 5.9 
4.06 19.3 7.5 
5.00 21.6 9.8 

0.21 15.5 3.9 
0.63 15.3 3.7 
1.27 17.4 5.8 
2.18 18.4 6.8 
2.91 19.2 7.6 
4.50 22.2 10.6 
5.78 24.3 12.7 

pH 6* ZnCr04 

K2Cr04 

blank 

pH 7 9 ZnCr04 

(sat’d) 

ZnCrO, 

K2Cr04 



Table 2 (Continued) 

Solution 

pH 7, blank 

pH 8, ZnCr04 

K2Cr04 

blank 

pH 9t4jZnCr04 

K2Cr04 

Time dE 
cIT 

(observed) dE - R* 
dT 

Hours Kilohms Kilohms 

0.15 15.1 2.7 
0.54 15.1 2.7 
1.36 15.4 3.0 
2.53 15.0 2.6 
3.92 15.0 2.6 
5.86 15.1 2.7 

0.15 13.9 2.2 
0.51 14.6 2.9 
1.03 15.9 4.2 
2.25 17.5 5.8 
3.28 19.3 7.6 
4.24 20.1 8.4 
5.28 23.8 12.1 

0.14 14.2 2.6 
0.60 15.4 3.8 
1.30 16.9 5.3 
2.26 19,9 8.3 
3.63 19.8 8.2 
5.41 23.3 11.7 

0.14 14.5 2.4 
0.56 15.2 3.1 
1.30 15.5 3,4 
2.39 15.0 2.9 
3.94 14.7 2.6 
5.79 14.5 2.4 

0.17 14.3 2.9 
0.58 15.4 4.0 
2.28 16.9 5.5 
3.22 18.2 6.8 
4.53 18.4 7.0 
6.41 18.9 7.5 

0.22 14.6 3.3 
0.57 15.4 4.1 
1.30 16.8 5.5 
2.42 17.6 6.3 
3.84 19.6 8.3 
5.16 20,3 9.0 

0.14 15.4 3.3 
0.59 15.1 3.0 
1.67 15.1 3.0 

blank 



Table 2 (Continued) 
Time 

Solution 
dE 
di 

{observed) d£ - R* 
di 

Hours Kilohms Kilohms 

2.81 15.7 3.6 
4.23 15.4 3.3 
5,37 15,7 3.6 

* R = Calculated resistance of calomel half-cell, salt 
bridge, and sample solution at 27.5°C. 
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Figure 2, ,d£ vs Time at pH 6 
d i 
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III. DISCUSSION 

A substantial increase in apparent electrode re¬ 

sistance was observed in all cases in which chromate was 

present, the rate of increase for potassium chromate being 

in the order pH 6, pH 7, pH 8, pH 9.4, and for zinc chromate 

pH 7, pH6, pH8, pH 9.4. It will be noticed that in the 

5 x 1(T4 M ZnCrO^ case at pH 7 the value of -gy increases at 

an extremely rapid rate. However, when the concentration 

v/as lowered to 2.3 x ICf4 M, the rate of increase became 

much smaller. It is also seen that in potassium chloride 

a]one shows no tendency to increase but remains at a 

relatively low constant value. 

A number of mechanisms have been proposed for the 

protective action of chromates on iron. Hoar and Evans (1) 

favor a precipitation mechanism. They found the film to 

contain small amounts of chromic oxide and attributed the 

"protection" to the precipitation of a mixture of hydrated 

ferric and chromic oxides on the metal surface. An adsorp¬ 

tion theory has been proposed by Uhlig (2). "Characteristical- 

lyy passivators are oxidizing compounds, indicating that 

they are strong electron absorbers. Their satisfaction of 

certain metal affinities is plausibly related to electron 

absorption from the metal surface, but is not accompanied 

by disruption of the metal lattice that occurs with chemical 

reaction." A third proposal has been the formation of an 

oxide film. Evans (3) reported that the film formed in the 
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presence of chromates was anhydrous ferric oxide. This 

oxide he later found to be unattacked by 0.1 M. HC1, but 

the hydrated oxide, which formed under non-protective condi¬ 

tions, was readily attacked by hydrochloric acid. More re¬ 

cent investigators (4,5,6) have identified the passivating 

film asT-FegOg by electron diffraction methods. These 

films have been formed in the presence of nitrite and aerated 

alkaline solutions as well as chromate. Little or none of 

the hydrated product was observed in cases of "passivity." 

This anhydrous film reportedly inhibits further oxidation 

of iron. 

This final theory is not altogether inconsistent 

with the present experimental data. The potential of the 

iron electrode in all cases was found to be "ennobled" by 

the presence of chromates. However, since the cell poten¬ 

tial was independent of the source of chromate ions, whether 

from the zinc salt or the potassium salt, it is difficult 

on this basis alone to explain the results at pH 7 (See 

Figure 3). The sharp departure of the 5 x 10“4 M ZnCr04 

curve from the potassium chromate curve is striking. 

in order to shed some light on this phenomenon, 

the concentrations of the various ionic species in the 

electrolytic solutions under study were calculated. The 

number of equilibria involved is quite large, the most 

important ones being as follows: 

for chromate (7), 

HCr04~ = H+ + Cr04 K = 3.2 x 10~7 

Cr2°7~~ * H2° = 2HCr04” K = 2.3 x l(f2 
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for zinc (8^9)., 

In** + H20 = Zn(0H)+ + H+ K = 2.45 x 10~10 

Zn(0H)2 (S) = Zn** + 20H" K = 4.5 x 1(T17 

Zn++ + 4OH*” = Zn02’*“ + 2H20 K = 2.8 x 10+15 

The concentration of zincate ions was extremely small in 

all samples prepared. The results of these calculations 

are summarized in Table 3. In the last column are listed 

the products of the values of zinc and chromate ion concen¬ 

trations at each pH. For 2.3 x 10"^ M ZnCrO^ at pH 7, this 

product should be approximately one-fourth that of 5 x lCT^ 

M ZnCrO^ or 5 x 10“^. It is apparent that for all samples 

except 5 x ICT^ M ZnCrO^ at pH 7, the solutions were far 

from being saturated with respect to zinc and chromate ions. 

This suggests a possible zinc chromate adsorption which would 

be expected to be stronger in saturated solutions than in 

unsaturated. 
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IV. SUMMARY 

1. An increase in the apparent resistance in the surface 

of an iron electrode in contact with a chromate solu¬ 

tion was observed at several pH values. 

2. This apparent resistance was found to increase with 

approximately the same rate for equal concentrations 

of zinc and potassium chromates at every pH except 

for the case in which the solution was apparently 

saturated with respect to zinc and chromate ions. 

3. In the case of saturated zinc chromate the apparent 

resistance increased with a much greater rate than in 

all other cases giving some support to a zinc chromate 

adsorption mechanism. 
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